In order to clearly classify El Niño-Southern Oscillation (ENSO) events into eastern Pacific (EP) and central Pacific (CP) types, we develop two new indices defined as pattern correlation coefficients (PCCs) between monthly sea surface temperature (SST) anomalies (SSTAs) and first two leading empirical orthogonal function modes of tropical Pacific (20 ∘ S-20 ∘ N, 110 ∘ E-70 ∘ W) SSTAs. These new indices not only show close relationships with ENSO indices derived from several previous methods, but also demonstrate reasonable abilities to distinguish between two types of ENSO event. The major characteristic features of the EP-type and CP-type ENSO forcings are well captured from SST responses regressed onto each new index. Furthermore, the monthly frequencies of occurrences derived from two indices are quite similar to variation patterns of phase-locking behaviours of two types of ENSO event.
Introduction
Recently, a lot of attention has focused on two types of El Niño-Southern Oscillation (ENSO): the eastern Pacific (EP) type (alternately known as canonical), in which the maximum sea surface temperature (SST) variability appears over the equatorial EP, and the central Pacific (CP) type (alternately known as Dateline, Modoki, and Warm Pool), in which the significant SST anomalies (SSTAs) are mainly located in the CP near the date line (Larkin and Harrison, 2005; Ashok et al., 2007; Yu and Kao, 2007; Kao and Yu, 2009; Kug et al., 2009 Kug et al., , 2010 .
Several studies have indicated that impacts by the EP-type and CP-type ENSO forcing may differ distinctly in various climate elements such as regional monsoon rainfall (Kumar et al., 2006; Ashok et al., 2007; Wang and Hendon, 2007; Taschetto and England, 2009; Mo, 2010; Feng and Li, 2011; Weng et al., 2011; Zhang et al., 2011) , temperature (Ashok et al., 2007; Mo, 2010; Weng et al., 2011) , storm track activity (Ashok et al., 2009) , and tropical cyclone activity (Kim et al., 2009; Chen, 2011) in the Atlantic and western Pacific, and also play a significant role in the global climate variability. These studies illustrate that the proper classification of the two types of ENSO event is important in the understanding and interpretation of climate and its variability. * Correspondence to: J.-B. Ahn, Division of Earth Environmental System, Pusan National University, 2, Busandaehak-ro 63beon-gil, Geumjeong-gu, Busan, 46241, Republic of Korea. E-mail: jbahn@pusan.ac.kr However, as suggested by Trenberth and Stepaniak (2001) and Kao and Yu (2009) , the indices have a problem currently in classifying the ENSO events into EP and CP types, which necessitates the development of new ENSO indices that can describe better and distinguish between these two types of ENSO event. Accordingly, a new classification method to distinctly separate the ENSO-related variability into two types is suggested. To check the suitability of ENSO indices classified by the new method, we investigate not only the unique response related to the corresponding SST forcing but also intrinsic properties such as the phase locking and the frequency of occurrence for two types of ENSO event.
Data and methodology

Data
The extended reconstructed SST (ERSST.v3b) data sets (Smith et al., 2008) from January 1982 to December 2014 are used in this study. For verification, we also utilize optimally interpolated SST (OISST) data sets (Reynolds et al., 2002) for the same period. The OISST monthly data are interpolated to 2 ∘ × 2 ∘ , which has the same resolution of ERSST data set.
Existing classification methods for ENSO event
To better understand the different type of ENSOs, Capotondi et al. (2015) have introduced several ENSO indices by constructing various climate variables such as SST (Ashok et al., 2007; Kao and Yu, 2009; Kug et al., 2009; Ren and Jin, 2011; Takahashi et al., 2011) , subsurface ocean temperature (Yu et al., 2011) , sea surface salinity (Singh et al., 2011) , or outgoing longwave radiation (Chiodi and Harrison, 2013) . Among them, several ENSO indices utilizing SSTA are selected to compare with our new index introduced in Section 2.3. Ashok et al. (2007) used the Niño3 and ENSO Modoki index (EMI) to distinguish between EP-type and CP-type ENSO events, respectively. The latter was derived based on the second empirical orthogonal function pattern (EOF2) of the SSTA over the tropical Pacific. More specifically, they defined the CP-type ENSO as the case which the amplitude of the index is equal to or greater than 0.7 , where is its standard deviation. The EP-type ENSO event refers the case which the amplitude of the index is equal to or greater than 1 . This classification method is referred to as 'AS' method in this study. Kao and Yu (2009) suggested EP and CP indices using a combined regression-EOF procedure to separate two types of ENSO. To obtain the EP index, they first subtracted the anomalies regressed on the Niño4 index from the original SSTA before applying the EOF analysis. Similarly, they subtracted the SSTA regressed on the Niño1 + 2 index from the original SSTA before the EOF analysis to identify the leading structure of the CP ENSO. Each normalized leading principal component (PC1) was defined as EP or CP index. The ENSO state was regarded as the EP (CP) type when the value of each index is equal or larger than 1. This classification method is referred to as 'KY' in our study.
In the method of Kug et al. (2009) , Niño3 and Niño4 indices were used to classify El Niño events into EP and CP El Niño groups, respectively. The EP (CP) El Niño events defined as years in which the Niño3 (Niño4) SST index is larger than the Niño4 (Niño3) SST index and it is greater than its standard deviation. Henceforth, we refer this method as the 'KU' method.
More recently, Ren and Jin (2011) proposed new Niño indices (Nct and Nwp) to distinguish between two types of ENSO event. These two new indices are defined as a linear combination of Niño3 and Niño4 indices, which are conditioned by the ENSO phase. This method (henceforth the 'RJ' method) defines the EP (CP)-type ENSO event when the Nct (Nwp) index is greater than 1 . Using this method, they found an increasing prevalence of CP-type ENSO since 1990 and a regime shift in ENSO at 1976 ENSO at /1977 At around the same time as Jin (2011), Takahashi et al. (2011) also defined new E and C ENSO indices. They used two orthogonal axes, which are rotated 45 ∘ relative to the EOF of SSTA in the tropical Pacific using the sum and the difference of the first two PC timeseries. ENSO events are separated into two groups by this method. One represents the EP El Niño and the other represents both central Pacific El Niño and La Niña events. We refer to this methodology as 'TA' in our study. 
New classification of ENSO event
A new classification method to distinguish between EP-type and CP-type ENSO events is proposed in this study. The canonical EP-type ENSO has a well-known pattern of the SSTA retaining the same sign throughout the equatorial EP with a maximum at around 155 ∘ -115 ∘ W. The CP-type ENSO presents the peculiar warming in the central equatorial Pacific flanked by colder SSTAs on both sides along the equator. These EP-type and CP-type ENSO patterns are represented in the first and second EOF modes of tropical Pacific SSTA, respectively (Ashok et al., 2007; Jeong et al., 2012 Jeong et al., , 2015 . Based on fundamental features associated with this concept, we first carry out the EOF analysis using the monthly SSTA over the tropical Pacific (20 ∘ S-20 ∘ N, 110 ∘ E-70 ∘ W) from 1982 to 2014, and obtain the first and second EOF modes of monthly SSTAs as EP-type and CP-type ENSO modes (figures not shown), respectively. The pattern correlation coefficients (PCCs) between first two leading EOF modes and monthly mean SSTA are then calculated for the period January 1982 through December 2014. To smooth out short-term fluctuations such as intraseasonal variations, the 5-month running mean is applied to the above-mentioned PCCs. Finally, we obtain the EOF-based pattern correlations for two EOF modes, which are referred to as EPC1 and EPC2 for the first and second modes, respectively ( Figure 1 ). The EP (CP)-type El Niño is defined as the case when the EPC1 (EPC2) index is equal to or greater than 0.79 (0.57), which is significant at the 90% confidence level from the two-tailed Student's t-test. According to this method, the EP (CP)-type La Niña state is defined as the case when the EPC1 (EPC2) index is equal to or less than −0.79 (−0.57). This new classification method is referred to as 'JA' method in our study. As shown in Figure 1 (a), the strongest El Niño events (such as those occurred in 1982-1983 and 1997-1998) 
Results
In this section, we compare the characteristics of the two types of ENSO classified by six classification methods mentioned above.
Classification of ENSO event into two types
Before discussing the classification of ENSO, we first investigate the temporal (monthly) correlations between our new indices from the JA method and indices obtained from various existing methods. As shown in Table 1 , the EPC1 index of the JA method, which is representing the EP-type ENSO, is significantly correlated with indices from the other five methods. As discussed in previous studies (Ashok et al., 2007; Ren and Jin, 2011) , the other five EP-type ENSO indices are also well correlated with each other. The EPC2 index (CP-type ENSO) is highly correlated with EMI (0.90) from the AS method as EMI is basically defined by the EOF analysis over the equatorial Pacific basin. However, it shows the relatively low temporal correlation (0.46) with the C index from the TA method, even though the value is still significant.
In order to confirm how well and distinctly EP-type and CP-type ENSO events are separated, scatter diagrams of two types of ENSO indices for six different classification methods are shown in Figure 2 . The x and y axes in each diagram of Figure 2 refer to EP-type and CP-type ENSO events, respectively. Each coloured area denotes EP-type El Niño (red), EP-type La Niña (blue), CP-type El Niño (yellow), and CP-type La Niña (green) events. Grey areas located at the corners of each diagram indicate the overlapped cases, not clearly classified by the methods, for two types of events. Unlike the other five methods, the TA method is designed to disentangle the EP-type El Niño event from CP-type El Niño and La Niña events (Figure 2(f) ). We also represent temporal correlation coefficients (TCCs) between two ENSO indices at the top-right corner of each diagram as an indicator representing the separation between two indices of each method. Thus, the lower the TCC is, the better the separation between two indices is.
In all diagrams except TA method, monthly values are distributed in white boxes representing the neutral (normal) condition located between two types of La Niña and El Niño conditions. Generally, TCCs between two types of ENSO indices derived from three classification methods such as JA, AS, and RJ (0.23, 0.11, and 0.02, respectively) are considerably lower than those from KY, KU, and TA methods (−0.50, 0.70, and 0.65, respectively). Thus, two types of ENSO event are particularly well distinguished by three methods of JA, AS, and RJ.
In the case of the JA method, there are no overlapping cases between EP-type and CP-type ENSO events, indicating that indices derived from the JA method clearly classify individual ENSO events into EP type and CP type. Although AS and KY methods are based on the EOF analysis of SSTA over the tropical Pacific, there are numerous overlapping events between the types. In the RJ method which shows a relatively low TCC, many cases remain in the domains which are not clearly classified by the method, despite fewer events in overlapping zones compared with AS and KU methods.
Evaluation of six different ENSO indices using SST responses
As aforementioned in the introduction, ENSO phenomena, caused by the atmosphere-ocean interaction in the tropical Pacific, considerably affect the weather and climate variability in tropical and mid-latitude regions. Accordingly, it is very important to investigate how well SST responses to six different ENSO indices describe main features in the tropical and extratropical Pacific region. In this context, we compare regressed SSTA patterns on two types of ENSO index obtained from six different methods and observed composite fields of SSTA for EP-type and CP-type ENSO events. First of all, before carrying out the composite analysis for two types of ENSO event, we select seasonal EP-type and CP-type ENSO events which are classified in common by above six methods. However, for the case of CP-type ENSO events for the boreal winter (December through February; DJF) season, there are no commonly selected cases from six different methods because of the relatively rigorous criteria of the JA and TA methods. Instead, we performed the composite analysis from the other four methods for CP-type ENSO events for the DJF season. In comparison with the observed composite SSTA field, characteristic features of EP (CP) ENSO patterns are clearly portrayed in regressed SSTAs derived from six classification methods for each season (figure not shown).
For better understanding of the relationship between observed composite SSTA fields and six different regressed SSTA patterns for each season and ENSO type, spatial PCCs (Jolliffe and Stephenson, 2003) are calculated (Figure 3 ). We present spatial pattern correlations for each season and ENSO type over the following three specific regions: North Pacific (0 ∘ -60 ∘ N, 120 ∘ E-90 ∘ W), tropical Pacific (20 ∘ S-20 ∘ N, 110 ∘ E-70 ∘ W), and South Pacific (60 ∘ S-0 ∘ , 120 ∘ E-60 ∘ W). It is shown that regression patterns obtained from each EP-type ENSO signal, which is much more significant and stronger than the CP-type signal over the tropics, are similar to one another with little difference from the composite observation fields for all seasons except spring (March through May; MAM). In EP-type ENSO cases, spatial relationships for spring have a relatively lower for all regions compared with those for the other seasons, even though they are statistically significant at the 90% confidence level based on Student's two-tailed t-test. However, the spring SSTA pattern regressed onto EP-type ENSO indices obtained from the JA classification method shows a significantly higher correlation with the composite field of the observed SSTA during the MAM season than those from other methods (Figure 3(a) ). The PCCs of the SSTA response to the CP-type ENSO signal shows generally lower performances than those to the EP-type ENSO signal in three of four seasons. However, there exists a relatively higher spatial relationship than the response to the EP-type ENSO over the North Pacific region in spring.
The KU and TA methods show relatively lower PCCs in the CP-type ENSO among six different classification methods during boreal summer (June through August; JJA) and fall (September through November; SON) because EP-type and CP-type ENSO events are not clearly distinguished with these methods. This implies that the CP-type ENSO index from KU and TA methods describes inadequately special features over the central tropical Pacific. The high PCCs of more than 0.7 for all seasons between EP-type and CP-type ENSO events for observed composite fields and six regressed patterns of SSTAs in each season also prove the limitation of the method (Table 2) .
Thus, the JA method can be regarded as the most reliable among ENSO classification methods and shows significant results at the 90% confidence level regardless of season, region, and ENSO type.
Statistical characteristics of two types of ENSO event classified by JA method
It is well known that the EP-type ENSO, which tends to reach its mature phase during the boreal winter, is phase-locked by the seasonal cycle (Rasmusson and Carpenter, 1982; Kao and Yu, 2009 ). Kao and Yu (2009) examined phase locking features for EP-type and CP-type ENSO events using composite Niño SST indices, and found that the life cycles of two types of ENSO phase have similar evolution; gradually building up to a peak by the end of a calendar year and rapidly subsiding by next spring. In this section, based on our classification method, the statistical characteristic related to the phase and frequency locking with respect to calendar months is investigated for two ENSO types. To do this, we used the normalized monthly standard deviation of EPC1 and EPC2 indices divided by the standard deviation of each index for the total month (Neelin et al., 2000; Kao and Yu, 2009; Ham et al., 2013) (Figure 4) .
For the EP-type ENSO event of Figure 4 (a), the peak of the normalized standard deviation on EPC1 index appears during the cold season, while the minimum occurs during spring such as April and May. The EPC1 index describing the EP-type ENSO shows a tendency for the event, to reach a maximum by the end of the year and become phase-locked to the seasonal cycle (figure not shown). According to Kao and Yu (2009) , the life cycles of existing indices of CP-type ENSO events show a very similar evolution to that of EP-type ENSO activities, which indicates a mature phase during winter. However, the normalized variability of the EPC2 index for CP-type ENSO phenomena shows phase-locking behaviour during spring rather than during boreal winter (Figure 4(b) ). 
Summary and conclusions
In this work, the EPC1 and EPC2 are proposed as new classification indices to divide ENSO events into EP-type and CP-type, respectively. For clear separation of two types of ENSO event, these indices are defined as PCCs between the first two leading EOF modes of SST and observed monthly SSTAs over the tropical Pacific. Based on our new method, we classified ENSO events into EP-type and CP-type El Niño and La Niña events from January 1982 to December 2014 (shown in Table S1 , Supporting Information).
Two EPC indices are closely related with two types of ENSO index derived from five existing methods. Our new indices have, however, no overlapping cases between EP-type and CP-type ENSO events, as compared with other indices. The observed composited SSTA field for each ENSO event and the each regressed SST pattern onto two types of ENSO index over the Pacific Ocean are also compared using the spatial pattern correlation. Our results show that distinctive features associated with EP-type and CP-type ENSO events are well described in SST responses to EPC1 and EPC2 indices, respectively. The statistical characteristics are also investigated in terms of the phase locking and the frequency of the occurrence of two types of ENSO event. The variation of our EP-type ENSO (EPC1) index shows a tendency of the highest peak by the end of the year and the phase locking by the seasonal cycle, while the CP-type ENSO (EPC2) index exhibits a significant variation reaching at the mature phase in spring instead of winter. The monthly frequencies of occurrences derived from two EPC indices for two types of ENSO event are quite similar to variation patterns of phase-locking behaviours. Through the comparison with previous other indices, newly developed indices have been demonstrated their usefulness as a method for clearly classifying ENSO events into EP-type and CP-type.
Further research is required to conduct more detailed analyses related to remote impacts on various atmospheric variables (temperature, precipitation, wind, etc.) over the extratropics and other regions, as well as ENSO prediction, based on two newly defined ENSO indices. Besides this, a new index needs to be developed that indicates the intensity of EP and CP types of ENSO.
